Introduction
Activation of T cells by engagement of the TCR leads to profound changes in mature T cells resulting in cytokine production, proliferation, as well as programmed cell death (apoptosis) which eliminates the abundant antigen responsive T cells to maintain a balanced immune response. In mature T cells, activation-induced apoptosis (AIA) (1) is mediated by Fas-Fas ligand (FasL) interaction (2) . Activation of T cells, either through recognition of antigen, superantigen or antibody cross-linking, induces rapid expression of Fas and FasL (3) (4) (5) . In T cell hybridomas and some transformed T cell lines (3, 6) , activation-induced expression of Fas-FasL can trigger apoptosis within a few hours. However, when naive T cells are activated by TCR engagement in vitro, they express Fas and FasL on their surface very quickly (4, 7) , but are resistant to Fas-FasL-mediated apoptosis until they are rested and reactivated (4, (7) (8) (9) . Therefore, engagement of the TCR in vitro results in either immediate death or resistance to death in T cells, depending upon whether the T cell has been previously activated.
T cells activated in vivo undergo AIA with different kinetics than T cells activated in vitro; they first proliferate and, after a period of population expansion, decline due to AIA (10) (11) (12) . Thus AIA is delayed in the responsive T cell
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Transmitting editor: J. F. Kearney Received 25 April 1997, accepted 24 October 1997 population in vivo. It is delayed AIA that allows both the development as well as the termination of an immune response. It is not known if T cells, activated by antigen in vivo, rapidly up-regulate Fas-FasL expression or whether AIA is 'blocked' even though apoptosis genes are activated and expressed during the period of cellular proliferation. In order to study the regulatory mechanisms of AIA in vivo we administered the superantigen staphylococcal enterotoxin B (SEB) to mice and determined the kinetics of expansion and apoptosis and analyzed the expression of 'apoptosis genes' of a subpopulation of SEB-activated T cells (CD4 ϩ V β 8 ϩ population). The expression of apoptosis genes in naive T cells activated in vitro was also analyzed. Our results demonstrated that activation of T cells, both in vivo and in vitro, rapidly induced or up-regulated the expression of all apoptosis genes examined; however, activated T cells resisted Fas-mediated apoptosis during the early stages of activation. These results suggested that AIA was temporarily blocked in vivo. The resistance to AIA of naive T cells primed in vivo, as well as in vitro, correlated with the expression of 'apoptosis-preventing genes', such as bag-1.
Methods

FACS analysis and sorting
Analysis of cellular expansion. SEB (60 µg) was injected into a group of BALB/cJ mice i.v. on day 0. Individual mice were sacrificed and lymph node and splenic lymphocytes were isolated at 24 h intervals. The lymphocytes were double stained with mAb MR5-2 (anti-V β 8.1, 8.2 TCR) and RM4-4 (an anti-CD4 mAb) or RR4-7 (anti-V β 6 TCR) with RM4-4. Dead cells were excluded by propidium iodide (1 µg/ml) staining.
Analysis of apoptosis. For the TUNEL assay, CD4 ϩ T cells were isolated by magnetic beads coated with anti-CD4 antibody (Miltenyi Biotec, Auburn, CA), resulting in an enriched population (~95% pure). The enriched CD4 ϩ cells were stained with antibody MR5-2 and fixed in 1% paraformaldehyde/PBS for 30 min on ice. The fixed cells were permeabilized with 70% ethanol, and washed with PBS and buffer for the terminal deoxynucleotidyl transferase assay (Amersham, Arlington Heights, IL). The TUNEL assay was performed as described (15) with biotin-16-dUTP (Boehringer Mannheim Diagnostics, Indianapolis, IN) and the cells then were stained with streptavidin-allophycocyanin and analyzed by FACS.
Analysis of Fas expression. CD4 ϩ enriched spleen cells were double stained with FITC-MR5-2 and phycoerythrin (PE)-Jo2 (anti-mouse Fas) or FITC-RR4-7 with PE-Jo2 antibodies. The V β 8 ϩ and V β 6 ϩ subpopulations were then selected by FACS analysis and the intensity of staining of Fas was compared between the two populations.
Purification of SEB responsive T cells. CD4 ϩ T cells were isolated from individual mice by magnetic beads and then stained with MR5-2 antibody. V β 8 ϩ (1.25ϫ10 6 ) cells were then further purified by FACS sorting.
Cell cultures Determination of the sensitivity to anti-Fas antibody. CD4 ϩ T cells were enriched from mice (at the times indicated) before and after SEB injection. Cells were cultured with RPMI for 12 h in 96-well plates (2ϫ10 6 cells) coated with or without 5 µg/ml of Jo2 antibody, and then stained with FITC-MR5-2 antibody, fixed and analyzed by the TUNEL assay as described.
Activation of T cells in vitro. Lymphocytes were isolated from 6-week-old naive BALB/c mice and cultured in RPMI with 10% FCS at 2.5ϫ10 6 /ml. To activate T cells, enriched CD4 ϩ cells were added to a 96-well plate coated with 10 µg/ml plate bound anti-CD3 antibody (145-2C11). At 12 h intervals, 50 µl of supernatant was taken from triplicate cultures and assayed for IL-2 production with HT-2 cells (an IL-2-dependent cell line). Cells (5ϫ10 5 ) were also taken for RNA preparation and the rest of the cells were pulsed with 1 µCi [ 3 H]thymidine for an additional 12 h and harvested to determine cell proliferation.
RT-PCR Total RNA of the CD4 ϩ V β 8 ϩ T cells sorted from mice injected with SEB was prepared using the RNeasy kit (Qiagen, Valencia, CA). A RT reaction was performed with oligo(dT). Equal amounts of cDNA were taken from each sample for a PCR template. The PCR products were analyzed on a 2% agarose gel, and visualized by Southern blot using 32 
Results
Kinetics of expansion and apoptosis of SEB-reactive
To establish the kinetics of expansion and apoptosis of an SEB-responsive T cell subpopulation, lymph node and spleen cells were collected at serial 24 h intervals from female BALB/c mice following challenge with SEB. Changes in the SEB-responsive CD4 ϩ V β 8 ϩ T cell subpopulation over time were compared to changes in the non-SEB-reactive CD4 ϩ V β 6 ϩ T cell subpopulation. Consistent with other studies (10, 13) , the CD4 ϩ V β 6 ϩ subpopulation of T cells was unresponsive to SEB at all time points analyzed. However, the CD4 ϩ V β 8 ϩ subpopulation underwent dramatic changes within the first few days following SEB administration (Fig. 1A) . Although there was no population expansion detected in the CD4 ϩ V β 8 ϩ T cells during the first 24 h, this subpopulation quickly expanded thereafter and reached peak expansion 72 h following SEB injection. The CD4 ϩ V β 8 ϩ subpopulation rapidly declined after 72 h until day 7, at which time the percentage of CD4 ϩ V β 8 ϩ T cells stabilized at about one-half of the preimmunization level (Fig. 1A) . To ask whether the SEB-responsive CD4 ϩ V β 8 ϩ subpopulation of T cells had been activated during the first 24 h, we analyzed cell size as a marker of activation; activated T cells undergo blastogenesis before proliferation (14) . Unprimed lymphocytes were homogeneous in size, whereas the lymphocytes collected 24 h after SEB injection were heterogeneous in size and many cells were enlarged. Most of the CD4 ϩ V β 8 ϩ cells were enlarged, whereas the CD4 ϩ V β 6 ϩ cells were unchanged in size following SEB administration (data not shown). After 48 h, the CD4 ϩ V β 8 ϩ T population had returned to normal size. These results demonstrated that within 24 h following SEB injection, the TCR had been engaged on the surface of most of the SEBresponsive CD4 ϩ V β 8 ϩ T cells and these T cells changed from small resting naive T cells to activated blasts.
During the first 24 h after SEB challenge, we were unable to detect cells undergoing apoptosis in the CD4 ϩ V β 8 ϩ population using the TUNEL assay (15) (Fig. 1B and C) . Between 48-72 h following SEB challenge, a fraction of SEB-responsive V β 8 ϩ T cells underwent apoptosis; the CD4 ϩ V β 8 ϩ population undergoing apoptosis peaked by 72 h and then rapidly declined (Fig. 1C) . A similar fraction of the CD4 ϩ V β 8 ϩ population underwent apoptosis between days 4 and 7 (Fig. 1C) . At day 9, dUTP incorporation had dropped to background levels. This kinetic analysis demonstrated an absence of apoptosis in the activated CD4 ϩ V β 8 ϩ T cells in the first 24 h following SEB administration. We examined the expression of Fas on SEB-responsive and non-responsive T cell subpopulations to ask whether the induction of apoptosis at 48 h (Fig. 1C ) was temporally correlated with the expression of Fas. Fas was upregulated on the surface of the enlarged (activated) CD4 ϩ V β 8 ϩ T cells within the first 24 h (Fig. 2 ) when compared to naive CD4 ϩ V β 8 ϩ or non-responsive CD4 ϩ V β 6 ϩ cells following SEB administration. Expression levels of Fas on CD4 ϩ V β 8 ϩ cells from SEB-immunized mice decreased over the next 3 days to a level similar to that of the control CD4 ϩ V β 6 ϩ T cells ( Fig. 2A and B ). Thus, a high level of Fas was present on the SEB-responsive T cell subpopulation at a time when they were expanding (Fig. 1A) , not undergoing apoptosis.
It has been previously demonstrated that the Fas-FasL interaction is responsible for apoptosis in SEB-activated T cells (4) . However, despite up-regulated Fas expression 24 h after SEB activation, CD4 ϩ V β 8 ϩ T cells did not undergo apoptosis. We tested the sensitivity of the 24 h SEB-activated CD4 ϩ V β 8 ϩ T cells to anti-Fas antibody (Fig. 2C) . Despite the high level of Fas expression on the SEB-activated T cells, anti-Fas antibody was unable to induce apoptosis in activated CD4 ϩ V β 8 ϩ T cells isolated 24 h after SEB injection. In an attempt to further analyze the induction of AIA, the expression of 'apoptosis genes' was analyzed as a function of time following SEB activation in vivo in the CD4 ϩ V β 8 ϩ subpopulation.
Expression of 'apoptosis genes'
Activation-induced programmed cell death in T cells requires expression of both Fas and its ligand (2, (16) (17) (18) . It was previously shown that the gene products of bad and bax were also crucial for commitment of T cells to apoptosis (19) (20) (21) . Thus, the expression of these death-inducing genes in CD4 ϩ V β 8 ϩ T cells was examined before and after SEB administration. We purified an equal number (1.25ϫ10 6 ) of CD4 ϩ V β 8 ϩ cells by FACS sorting at 24 h intervals following SEB administration in vivo. The purified subpopulation allowed a semiquantitative determination of multi-gene expression using RT-PCR. Expression of the death-inducing genes was rapidly up-regulated following SEB activation (Fig. 3A) . Consistent with the FACS analysis, expression of fas was upregulated during the first 48 h following SEB administration and decreased thereafter. Expression of the fas ligand steadily increased over the 5 days of analysis. SEB activation strongly induced bax during the first 2 days and expression of bad was up-regulated for at least 3 days following SEB administration.
The increased expression of all of the 'apoptosispromoting genes' examined indicated that SEB challenge activated the death program within the first 24 h. We further examined bcl-2 and bcl-x L genes since overexpression of bcl-2 and bcl-x L prevented cell death from apoptosis in several Fig. 4 . Expression of apoptosis genes in T cells activated in vitro with anti-CD3 antibody. Lymphocytes isolated from naive BALB/c mice were cultured with 10 µg/ml plate-bound anti-CD3 antibody (145-2C11). Thymidine incorporation and IL-2 production was monitored at 12 h intervals. The cultured cells proliferated and produced IL-2 at a relative constant level until day 6 when the culture was ended (data not shown). The expression of apoptosis genes was determined by RT-PCR at 24 h intervals (A) for apoptosis-promoting genes and (B) apoptosispreventing genes. Cells (5ϫ10 5 ) were taken at the times indicated for RNA and cDNA preparation. The same panel of genes were examined as in the T cells activated in vivo (Fig. 4) . Due to a very weak signal, the PCR product for the bad gene was visualized by Southern blot, all the other PCR results by ethidium bromide staining. In (C), the expression of bag-1 and bcl-2 was further examined at 12 h intervals in an additional experiment. The induction of bag-1 was detected 12 h after activation and remained at a constant level thereafter, whereas bcl-2 expression was constitutive. systems studied previously (22) (23) (24) . bcl-2 was expressed constitutively in the CD4 ϩ V β 8 ϩ T cell subpopulation (Fig. 3B) . The expression of bcl-x L increased in CD4 ϩ V β 8 ϩ cells upon SEB activation; however, the expression of bcl-x L remained at this high level for 5 days after SEB challenge (Fig. 3B) . When we examined another potential apoptosis inhibitory gene, bag-1 (25) , we found that SEB activation of T cells in vivo induced a strong but transient expression of bag-1 whose kinetics of expression correlated with the blockade of apoptosis. The activation-induced expression of bag-1 was quite prominent at 24 h following SEB activation (Fig. 3B) and then rapidly declined. The strong early induction of bag-1 coincided with inhibition of AIA and the decrease in bag-1 expression was mirrored by increased apoptosis.
Correlation of bag-1 expression with AIA resistance of naive T cells activated in vitro Naive T cells activated in vitro are resistant to Fas-mediated cell death (7) . In order to examine the differences in AIA between T cells activated in vivo and in vitro, T lymphocytes were isolated from naive BALB/cJ mice and cultured with anti-CD3 antibody. Proliferation and IL-2 production were monitored at 12 h intervals for 6 days and equal numbers of cultured cells were taken every 24 h to examine expression of apoptosis genes in these naive T lymphocytes activated in vitro. Naive T lymphocytes proliferated vigorously and produced IL-2 within 12 h following culture with plate-bound anti-CD3 antibody. IL-2 production peaked at 12 h and diminished from 48 to 60 h, and then plateaued (data not presented). It has been demonstrated that naive T cells activated in vitro did not undergo programmed cell death unless the cells were rested and re-engaged with activation signals (7) (8) (9) . Activation in vitro seemingly rendered T cells resistant to Fas-mediated apoptosis; we detected little cell death during 6 days of culture.
We then examined expression of apoptosis genes and found that 'apoptosis-promoting genes', including fas, fas ligand, bax and bad, were all rapidly induced or up-regulated in naive T cells activated with plate-bound anti-CD3 (Fig.  4) . These apoptosis-promoting genes were expressed in a pattern very similar to that found in CD4 ϩ T cells activated in vivo. fas and bax were induced for the first 2 days and then declined, whereas expression of fas ligand and bad increased continuously. Again, the induction of apoptosispromoting genes was unable to trigger AIA in naive T cells activated in vitro. Bcl-2 was expressed continuously in T cells activated in vitro, as in T cells activated in vivo, consistent with another study (26) . The expression of bcl-x L was upregulated and gradually decreased after 2 days; however, bag-1 was up-regulated within 12 h and remained high thereafter (Fig. 4) . It is interesting to note that the expression patterns of bcl-x L and bag-1 were reciprocal in T cells activated in vivo and in vitro (Fig. 5) . In the T cells activated in vivo, the expression of bag-1 declined prior to the demonstration of fas-mediated apoptosis whereas expression of bcl-x L was constantly up-regulated. The expression pattern of bag-1 was correlated with resistance to AIA in naive T cells activated in vitro as well as in T cells activated in vivo. The bag-1 gene encodes a bcl-2 binding protein that has been demonstrated to greatly inhibit Fas-mediated apoptosis when combined with overexpression of bcl-2 (25) . It has been demonstrated that Bcl-2 binds to Bad or Bax to prevent cell death (27) . The pronounced induction of bag-1, shortly after T cell activation may enhance or stabilize the formation of the complex between Bcl-2 and Bad or Bax to prevent programmed cell death.
Discussion
It is widely accepted that AIA is a part of the process of T cell activation and has important physiological consequences: it ensures a proper immune response and it may help eliminate autoreactive T cells (28) (29) (30) . However, AIA must be regulated to allow expansion of antigen responsive populations. In this study, we provide evidence that engagement of the TCR in vivo by SEB rapidly increased expression of both fas and fas ligand; however, the death signal from Fas-FasL interaction was not sufficient in the early stage of activation to induce apoptosis. The activated T cells were resistant to the Fasmediated death signal even when the Fas antigen was crosslinked by antibody 24 h after activation. However, the time at which AIA peaked matched the peak of cellular expansion (Fig. 1A) , indicating that apoptosis was triggered in a large number of CD4 ϩ V β 8 ϩ T cells simultaneously to terminate cellular expansion. AIA is precisely programmed in those activated T cells. It is unlikely that the delay of AIA was due to an insufficient activation signal because the same signal induced AIA rapidly when T cells were reactivated (7) (8) (9) . Furthermore, we found that all of the seven apoptosis genes examined were induced or up-regulated almost immediately by activation (except bcl-2 which was expressed at a constant level). These results indicate that programmed cell death is tightly associated with activation and that apoptosis genes were induced by activation signals. In addition, the expression of apoptosis genes, such as bax, has been suggested to be a sign of the initiation of apoptosis (31) . However, strong induction of bax was seen 24 h after SEB injection in the activated CD4 ϩ V β 8 ϩ T cells in the absence of apoptosis. Thus the data presented in this study strongly indicate that delayed AIA is due to a temporal blockage of Fas-mediated cell death.
Evidence has suggested that the fate of activated T cells may be determined by the balance or interaction between products of two groups of genes (27, (32) (33) (34) , i.e. apoptosispromoting genes such as bad and bax, and apoptosispreventing genes such as bcl-2 and bcl-x L . Since activation of T cells via engagement of the TCR modulates expression of many genes, it is possible that T cell activation results in programmed expression of both apoptosis-promoting and -preventing genes whose interaction determines the ultimate fate of the activated T cells. bcl-2 and bcl-x L have been shown to block apoptosis in different cells under various conditions. Our results showed a relatively constant expression of the bcl-2 gene in T cells activated in vivo or in vitro. Another study showed similar results by measuring protein production in T cells activated in vitro (26) . Thus expression of the bcl-2 gene is unlikely to regulate AIA. Special attention has been paid to bcl-x L because cross-linking of the TCR along with a co-stimulation signal (via the CD28 molecule) increased bcl-x L expression and enhanced cell survival in culture (26, 35) . Engagement of the TCR without the CD28 co-stimulatory signal was unable to induce bcl-x L (35) (36) (37) . These results may represent the fate of improperly activated T cells. T cell activation by SEB requires co-stimulation (14, 38) , and we showed up-regulated bcl-x L expression in T cells activated both in vivo and in vitro. However, the increase of bcl-x L expression over time in activated T cells did not prevent SEB responsive T cells from undergoing apoptosis in vivo nor was decreased bcl-x L expression, following peak expression at 2 days, followed by apoptosis in naive T cells activated in vitro. Thus, consistent with other studies (39) (40) (41) , this study demonstrates that the kinetics of expression of bcl-2 and bclx L did not seem to be relevant to a transient blockade of AIA. Despite profound differences in the induction of AIA, expression of bag-1 coincided with the kinetics of apoptosis in T cells activated both in vivo and in vitro. bag-1 may not be the only regulator for activation-induced apoptosis, but its candidacy has been implied in gene transfection studies which showed that overexpression of bag-1 alone had no effect on Fas-mediated apoptosis, whereas together with bcl-2, bag-1 brought about a complete resistance to Fas-mediated apoptosis (25) .
This current study has presented evidence that the death program was induced by activation in vivo but temporarily blocked and this blockade was most likely due to the transient expression of apoptosis-preventing genes, such as bag-1. We are unable to rule out that unknown gene(s) required for apoptosis may not be activated during the early proliferative stage at the present. However, data from T cells activated both in vivo and in vitro, though they expressed apoptosis genes in somewhat different patterns, supported the idea that AIA is regulated not only by the induction of the death program but, more importantly, by the appearance of a transient regulatory blockade in apoptosis.
